Background: GLI is an oncodevelopmental gene in the vertebrate hedgehog/patched signaling pathway that is spatiotemporally regulated during development and is am-
INTRODUCTION
GLI is the prototypical gene of the Gli-Kruppel family of transcription factors and is a mediator of hedgehog/patched signaling (1) (2) (3) (4) . The pathway is highly conserved, with homologous genes present in C. elegans, Drosophila, chick, mouse, and human (5-7). The vertebrate hedgehog/ patched signaling pathway has been shown to be essential for normal development (8, 9) . Mutations of the genes Sonic Hedgehog, Patched, and GLI3 cause the human disorders holoprosencephaly (10) , basal cell nevus syndrome (1) , and Greig cephalopolydactyly syndrome (12) and Pallister-Hall syndrome (13-1 5) , respectively. In vertebrates there are three GLI genes based on sequence homology in the region coding for the zinc finger DNA binding domains; GLI, GLI2, and GLI3. The human GLI gene has not yet been 827 linked to a known developmental disorder, but its amplification in some gliomas, osetosarcomas, and rhabdomyosarcomas suggests an important role in growth regulation (16) .
The human GLI gene is expressed in the human embryonal carcinoma cell lines Tera-1 and NTera-2 but not in normal adult tissues, except for very low levels in testes, myometrium, cerebellum, and oviduct (3, 17) . To localize the expression of mouse gli during development, in situ hybridization studies were performed on wild-type mouse embryos. In E7.5 mouse embryos, gli transcripts were present in ectoderm and mesoderm, but not in endoderm. In E10 through E 18 embryos, gli transcripts were present in the primordia of the central nervous system, skeletal system, and the gastrointestinal (GI) tract. Expression was evident in the mesoderm of developing GI tract, Meckel's precartilage mesenchyme, the basis occipitus, rib mesenchymal condensations, primordial vertebral bodies, digital mesenchymal condensations in forefoot and hindfoot plates, the ependymal layer of the spinal cord, most anterior and ventral parts of the telencephalon, several regions of the ventral mesencephalon, and the developing choroid plexus (8, 9) .
Here we report the production of transgenic mice which express human GLI. The transgenic animals display a complex phenotype related to the level of transgene expression, which includes abnormal development of the colon and patchy Hirschsprung-like dilatation. The colonic defect is associated with abnormal epithelium and decreased density of myenteric plexuses.
MATERIALS AND METHODS

Transgenic Mice
To generate gain-of-function mice, full-length human GLI Quantitative PCR RT-PCR reactions were carried out using five concentrations of RNA. Band intensities were quantified using NIH Image after digital scanning. Linear response ranges were established for both actin and the transgene RT-PCR product. Actin-to-transgene band intensity ratios were established and compared using data points from the 10-ng reactions, which were within the linear ranges of both actin and the transgene.
RESULTS
Generation of GLI Gain-of-Function Transgenic Mice
To study GLI expression in vivo, we generated gain-of-function transgenic mice expressing fulllength human GLI cDNA under the control of the inducible mouse metallothionein-1 (pMT-1) promoter; microinjections were performed using standard techniques (18 2B) . A few small animals were also noted in the noninduced homozygous group, suggesting leaky induction of GLI transgene expression. Interestingly, the females were twice as likely to demonstrate the undersized phenotype (Fig. 2C) . Several of the small males were noted to have priapism. In addition to inhibited growth, many of the homozygous mice died prematurely. Of the zinc treated transgenic animals, 35.2% died between 1 and 4 days after birth; additional zinctreated mice died at 3 to 4 weeks of age, and a significant number of transgenic animals with or without zinc treatment died between 3 and 6 months of age. Within 6 months, 60.3% of the zinc-induced animals and 2 5.5% of the nonzinc-induced homozygotes died. In contrast, none of the wild-type mice died during this period (Fig. 2D) .
GLI is normally expressed during the development of gastrointestinal mesoderm, so it was hypothesized that normal GI tract development might be affected in GLI transgenic mice. The transgenic mice showed histologic and gross intestinal abnormalities. Seven of 13 dissected homozygous mice displayed a Hirschsprung-like phenotype of patchy dilatation of the intestinal wall from the ileum to the colon (Fig. 3A, E, F) . Hematoxylin and eosin-stained tissue showed that the smooth muscle layer of the gastrointestinal wall was attenuated and the number of myenteric plexuses was greatly reduced in affected regions (Table 1) ; neuron-specific enolase (NSE) stains confirmed that plexuses were virtually absent from the affected areas (Fig. 3B) . Some NSE-positive material suggested the presence of preganglionic fibers in affected areas of colonic wall. In unaffected regions of the same specimens, myenteric plexuses were present, but at a reduced number compared with control colon. In regions of attenuated smooth muscle the overlying colonic epithelium was distinctly abnormal, with greatly decreased overall thickness and relative absence of goblet cells. The attenuated epithelium was low cuboidal and arrayed in small pseudovilli (Fig. 3A, B) . Complete epithelial development has been shown to require correct signaling from underlying mesodermal elements (19) (20) (21) (22) . It is possible that dysregulated GLI expression in the mesoderm of the developing GI tract results directly both in improper smooth muscle development and functionally have accounted for the failure-to-thrive phenotype. On necropsy, there was no evidence of bowel perforation, peritonitis, or gross mechanical obstruction.
Phenotype Severity Correlates with Increased GLI Transgene Expression RT-PCR was used to demonstrate expression of the transgene using primers specific for human GLI; mouse gli was not amplified in this system (Fig. 4A, B) . The RT-PCR reaction was sensitive to RNase and resistant to DNase I, which indicates that the product was amplified from mRNA rather than contaminating genomic DNA. Transgenic mRNA was detected in neonatal abdomen and chest tissue as well as in adult mouse brain, liver, intestine, and lung (Fig. 4B) . GLI transgene expression was not detected in skeletal muscle. Quantitative RT-PCR studies showed that zinc induction was clearly linked to transgene expression and that the severity of the phenotype was related to the level of transgene GLI expression (Fig. 4C, D) . Homozygous zinc-induced transgenic mice demonstrating the "sick" phenotype (small size, poor grooming, poor mobility) showed a 3. 
DISCUSSION
These results demonstrate that expression of human GLI cDNA in mice can lead to a distinctive phenotype involving failure to thrive, premature death, and patchy Hirschsprung-like gastrointestinal dilatation. In this model, dysregulation of GLI has a profound effect. There is dysmorphogenesis of the colon of the animals with decreased density of myenteric plexuses in the colonic wall. The gain-of-function phenotype is transgene dose-dependent, as demonstrated by RT-PCR of transgene expression levels. The phenotype of the zinc-induced homozygous mice is more extreme than that of the noninduced animals.
Sonic hedgehog (Shh), one of the vertebrate homologs of Drosophila hedgehog (hh), is the ligand for the patched (ptc) receptor. In flies, hh regulates a negative feedback loop of ptc with ci in which ci activates the expression of dpp and ptc (23) . GLI is the vertebrate homolog of ci, and Bmp-2/4 are the vertebrate homologs of dpp. Dysregulation of dpp in Drosophila disrupts normal midgut constriction (21, 24) , and dysregulation Quantification of relative RNA expression. The ratio of GLI/actin band intensities from gels as those shown in C were compared using NIH Image after digital scanning.
of Shh causes ectopic expression of Bmp-4 and Hoxd genes in chick hindgut mesoderm (25) . Mouse gli is highly expressed in the mesodermal layer of normal GI tract from El 3 until birth (8, 26) . Thus, the essential elements of a mesoderm-epithelial signaling network in the GI tract involving Shh, ptc, gli, and Bmp-4 are conserved from Drosophila to vertebrates. Therefore, ectopic expression of GLI would be expected to disrupt the pathway and result in abnormal gut development; this is precisely the result obtained in the present study. A similar but more posterior phenotype to the one presented here is obtained when Hoxdl3 is knocked out in mice (27) .
In humans, disruption of Shh results in holoprosencephaly, a very serious dysmorphogenic syndrome with numerous midline defects and axial skeletal abnormalities (10) . These patterning defects, including cyclopia, are recapitulated in mice with null mutations of Shh (28) . Deletions in the 3' end of GLI3 in humans results in Pallister-Hall syndrome, manifesting hypothalamic hamartoma, hypopituitarism, polydactyly, imperforate anus, and renal and lung anomalies 833 (1 3) . There is a variant of Pallister Hall syndrome which includes holoprosencephaly and Hirschsprung's disease (14, 15) ; the genetic defect responsible for this variation is not known, but our results indicate that GLI is a candidate gene.
The role of GLI in GI tract development remains to be established, but since GLI has been placed in the vertebrate hedgehog/patched pathway (1 1,29) , it is reasonable to suppose that GLI is part of a signaling cascade that is important in mesoderm development and in turn affects neuronal, muscular, and epithelial cell differentiation in the gut. In this model, it is likely that impairment of enteric neuronal development led to the Hirschsprung-like phenotype.
